Background: It is generally accepted that domestication of pigs took place in multiple locations across Eurasia; the breeds that originated in Europe and Asia have been well studied. However, the genetic structure of pig breeds from Russia, Belorussia, Kazakhstan and Ukraine, which represent large geographical areas and diverse climatic zones in Eurasia, remains largely unknown.
Background
The pig (Sus scrofa) is an important farm animal, as well as a relevant biomedical model for humans. The pig was independently domesticated in China and Europe approximately 9000 years ago [1] [2] [3] and has undergone subsequent environmental and artificial selection, which contributed to the formation of many breeds with different global characteristics. Population genetic parameters of pig breeds from Asia, Europe and America have been analyzed in detail using high-density single nucleotide polymorphisms (SNPs) [4] [5] [6] [7] , whereas the genetic diversity, population structure and evolution history of pig breeds from the large and climatically diverse Eurasian regions of Russia, Belorussia, Kazakhstan and Ukraine remain poorly studied.
Until the twentieth century, Russian pig production occurred on a relatively small scale, with an estimated national herd of approximately 20 million pigs. Most pigs were imported from either Great Britain or China and were raised by small families or landlords [8] . Pig breeding activity began in the late nineteenth century and mainly took place in west Russia, north Caucasus, the Baltic States, Belorussia and Ukraine. Many of the pig breeds that were formed and registered in the mid-twentieth century were generated by crossbreeding multiple foundation populations from various breeds, including Large White, Landrace, Middle White, Hampshire, Berkshire, Poland China, Tamworth, Mangalitsa, local wild boars and Asian pigs [9] . Twenty-two local breeds were recorded in the Soviet Union in 1980, including the Ukrainian White Steppe, Caucasian, Mirgorod, Urzhum, and Semirechensk breeds [9] . These breeds accounted for 29 million of the 73 million pigs in the Soviet Union in 1980 and played important roles in pork production and economic development at the local level.
Although pigs in Russia, Belorussia, Kazakhstan and Ukraine originated from imported breeds, after their introduction, they adapted to the local climate, poor quality feed and resident pathogens, which led to the development of breeds with unique characteristics that differed from those of the founding stocks. One good example is the Ukrainian White Steppe local breed, which was originally bred from Large White pigs as founders in 1928, has adapted well to the local environment and available feed and has resulted in a more robust breed with a rougher physique than the Large White breed [10] . The Semirechensk pig was created by crossing Kemerovo pigs with Large White and wild boars in Kazakhstan, and is highly adapted to extreme temperatures that range from 48 °C in summer and −50 °C in winter and to sharp change of temperatures within a day, e.g., from 5 °C at mid-night to 48 °C at mid-day in summer, which is typical of this region [11] . Red White Belted pigs have been developed since 1994 through the complex crossing of six breeds, including the Large White, Duroc, Mirgorod, Landrace, Pietrain, and Hampshire breeds [12] . The Red White Belted breed retains the white belt characteristic of the Hampshire breed and the red coat color of the Duroc breed [8] . While most of the breeds were developed for pork production, the miniature Siberian swine (Minisib) was selected for its small body size, which is well adapted to laboratory conditions. Minisib pigs have an average weight of about 50 kg at the age of 300 days [13] . Overall, pig breeds from Russia, Belorussia, Kazakhstan and Ukraine provide ideal material to study the genetic basis of environmental adaptation and phenotypic variation. However, over the last three decades, many of these breeds that are well adapted to the local climate and harsh feed, are resistant to diseases, and produce good quality meat, have been marginalized or replaced by international commercial breeds with higher productivity [9] .
Genetic studies using high-density SNPs can provide insights into the genetic structure of these pig populations that can contribute to improve breeding and preservation programs for these local breeds [14, 15] . In this study, we analyzed 60K SNP genotypes of 13 representative pig breeds from western and eastern regions of Ukraine and Belorussia, north Kazakhstan, and western Siberia to explore their genetic diversity, population structure and evolutionary history.
Methods

Animals
A total of 170 pigs representing 13 breeds from Russia, Belorussia, Kazakhstan and Ukraine were sampled including five Russian breeds (Breitov, n = 18; Livni, n = 16; Minisib, n = 14; Murom, n = 12 and Urzhum, n = 9), one breed from Belorussia (Belorussian pork swine, n = 16), one breed from Kazakhstan (Semirechensk, n = 3), and six breeds from Ukraine (Mirgorod, n = 13; Poltava, n = 13; Red-White Belt, n = 19; Ukrainian pork swine, n = 12; Ukrainian Spotted Steppe, n = 7 and Ukrainian White Steppe, n = 18) ( Table 1 ; Fig. 1a ) and (see Additional file 1: Table S1 ). All samples were collected according to the guidelines for the care and use of experimental animals established by the Ministry of Agriculture of China. Unrelated samples were used for genotyping whenever possible to better represent the breeds under study. DNA was extracted from ear samples using a QIAGEN kit according to the manufacturer's protocols and diluted to 20 ng/μL for genotyping [5] . DNA samples were genotyped for 61,565 SNPs using the Porcine SNP60 BeadChip (Illumina, San Diego, USA) [16] .
Data
The 60K SNP genotype data that were generated for the 170 pigs used in our study were combined with the genotype data from 288 pigs representing six breeds from China and seven international commercial or European breeds for comparison (Table 1) , which resulted in a final dataset of 458 individuals. Quality control procedures were carried out using PLINK v1.9 [17] ; briefly, individuals with genotype call rates lower than 0.9 (i.e. one Ukrainian pig individual) and SNPs with call rates lower than 0.9 or minor allele frequencies (MAF) lower than 0.05 were excluded. A total of 44,334 SNPs from 457 pigs representing 26 breeds were used for subsequent analyses.
Genetic distances and population structure PLINK v1.9 [17] was used to construct an identity-bystate (IBS) matrix, which quantifies the genetic similarity between individuals. Weir and Cockerham's average F ST [18] for SNPs across the genome was used to measure the genetic distance between a given pair of populations. Principal component analysis (PCA) was conducted using PLINK v1.9 based on the variance-standardized relationship matrix, which is the same as that computed by the GCTA software [17, 19] . To visualize the results, we created a scatterplot of the first and second principal components. Neighbor-joining trees were constructed using the "neighbor" program in PHYLIP v3.695 [20] and visualized using the FigTree v1.4.2 software [21]. Admixture analysis was conducted using the ADMIXTURE software v1.20 [22] .
Genetic diversity and effective population size
Allelic richness (A R ) values were calculated using the ADZE v1.0 software [23] . Observed heterozygosity (H o ) and runs of homozygosity (ROH) were computed with the PLINK v1.9 software [17] , using 50-SNP sliding windows and allowing one heterozygote and five missing calls per window. The minimum length of a ROH segment was set to 500 kb. We calculated the sum of ROH per animal and the ROH of a population as the average percentage of the genome covered by ROH across all individuals of that population. The linkage disequilibrium (r 2 ) between pairwise SNPs was calculated by the commands -r2 and -ld-window-r2 in PLINK v1.9 [17] . Within each breed, SNPs with a MAF higher than 0.05 and a missing data rate lower than 0.1 were used to calculate r 2 . Effective population sizes (Ne) were computed using the equation of Herrero-Medrano et al. [14] and Sved [24] , i.e.:
, where Ne T is effective population size at T generation ago, T is calculated by T = 1/2c [24] , c is the genetic distance in Morgan, which was calculated by multiplying the physical distance (Mb) and recombination rate (Morgan/Mb) [25] between a pair of SNPs, and r 2 c is the linkage disequilibrium between SNPs with c being the genetic distance. Thus, r 2 between SNPs separated by large and small genetic distances reflect recent and ancient Ne, respectively [24] . 
Results
Genetic distances and population structures
Most of the pig breeds included in this study originated from west Russia, Belorussia and Ukraine, which were the main centers of agricultural production in the Soviet Union, since pig breeding in the eastern and Siberian regions of Russia was largely hampered by harsh climatic conditions. The first axis of the PCA plot of the 13 breeds (Fig. 1a) clearly separate the Minisib breed from the other breeds (Fig. 1b) , which indicates that the genetic distance between the Minisib breed and the other 12 breeds is large. Among these 12 breeds, Red White Belted pigs were differentiated from the other breeds on the second axis (Fig. 1b) . Both the PCA and the dendrogram of F ST estimates show that the breeds did not cluster by geographical origin (Fig. 1b, c) . For instance, the six Ukrainian breeds did not form a cluster although they are geographically close, whereas the Semirechensk and Red White Belted breeds are geographically distant but genetically similar. The genetic structure of these 13 pig breeds was further investigated by comparing it with that of European and Chinese pig breeds ( Table 1) . As expected, admixture, PCA and neighbor-joining tree analyses clearly (Fig. 2) . We observed widespread Asian ancestries in all 13 breeds under study (Fig. 2a, K = 2) . Apart from the Minisib breed, which was positioned between the Asian and European groups (Fig. 2b) and could be traced back to Asia for about half of its ancestry, the other breeds clustered with the European pig breeds (Fig. 2b, c) . This suggests that they are mainly of European origin, harboring different fractions of ancestry from the Large White, Landrace, Duroc and Hampshire breeds (Fig. 2a, K = 6) . In spite of the presence of admixed ancestries from multiple international commercial breeds in all 13 breeds examined (Fig. 2a, K = 6) , the neighbor-joining tree analysis showed that individuals from the same breed usually clustered together (Fig. 2c) , which means that they have retained unique breed identities. Thus, between-breed genetic distances were always greater than within-breed genetics distances for these 13 breeds.
Among the 13 pig breeds investigated, the most striking one is the Minisib breed, which is characterized by a small body size (~50 kg at 300 days of age). The admixture analysis suggests that the Minisib breed contains ancestries from Large White, Landrace and Luchuan or Tibetan pigs from China (Fig. 2a, K = 6 ). This agrees with results of the PCA and the neighbor-joining tree analyses, which positioned the Minisib breed between the Chinese and European clusters (Fig. 2b, c) . The Red White Belted and Semirechensk breeds were placed between the Duroc and Large White breeds on the second axis of the PCA plot (Fig. 2b) and were differentiated from the other ten breeds from western Russian, Belorussia and Ukraine, which all clustered with the Large White (Fig. 2b) . This can be explained by the results of the admixture analysis, which show that the Red White Belted and Semirechensk breeds harbor considerable proportions of ancestry from the Duroc breed. The Duroc was bred in the United States and is genetically differentiated from other European breeds such as Large White and Landrace [26] . The Red White Belted pigs were also shown to harbor ancestry from the Hampshire breed (Fig. 2a, K = 6) . Interestingly, this breed appears to have inherited both the red coat color from the Duroc breed and a white belt from the Hampshire breed (Fig. 1) .
We ran the admixture analysis from K = 2 to 26 and found that K = 19 was the optimal value, with the smallest cross-validation errors (see Additional file 2: Figure  S1 ) and (Fig. 2a) . Among the 19 ancestries, 12 were from the group of breeds used for comparison, while seven were from the 13 breeds under investigation. Several breeds, including the Mirgorod, Minisib, Urzhum and Ukrainian White Steppe breeds, formed unique homologous ancestries (Fig. 2a, K = 19) . The other breeds contained complex admixed ancestries from either the European commercial breeds or ancestries from the 13 breeds under study.
Genetic diversity and demographic history
The allelic richness (A R ) and observed heterozygosity (H o ) were calculated to provide measures of the genetic diversity of the 13 populations ( Fig. 3 ). In contrast, the other breeds generally had lower levels of ROH than the international commercial and Chinese breeds. The breeds that had the lower levels of ROH and thus lower levels of inbreeding, included the Semirechensk (13.4 Mb), Ukrainian pork swine (27.3 Mb), Murom (32.4 Mb), Livni (36.1 Mb), and Belorussian pork swine (39.1 Mb) breeds (Table 1) . For all these breeds, an admixed composition of ancestries at K = 19 was observed in the admixture analysis, which indicates that their increased genetic diversity and reduced levels of ROH can be attributed to their complex crossbreeding history that involved multiple founder breeds.
The average effective population size (Ne) for the past 20 years was estimated for each population using the linkage disequilibrium and recombination rate data. 
Discussion
Analysis of genetic diversity and population structure based on genomic data has proven useful in revealing the demographic history of pig breeds worldwide [4, 5, 14, 27, 28] . However, to date literature on pig breeds from Russia, Belorussia, Kazakhstan and Ukraine is scarce, although these breeds represent excellent genetic resources for the local economy and good materials to study the genetic basis that underlies their adaptation to local climate, feed, pathogens and human preferences. This study is the first effort to describe the population structure and genetic diversity of pig breeds from Russia, Belorussia, Kazakhstan and Ukraine.
We observed no correspondences between geographical and genetic distances among the 13 breeds studied, which is similar to what was reported for pig breeds from South America [5] . In contrast, pig breeds from China were genetically clustered according to their geographical distribution [26] . These results suggest that different breeding schemes were implemented for different breeds, even for breeds that had close geographical origins.
Overall, our analysis shows that most pig breeds from Russia, Belorussia, Kazakhstan and Ukraine are mainly of European origin and harbor different fractions of ancestries from the Large White, Landrace, Duroc and Hampshire breeds. Many of these local breeds, such as the Breitov, Livny, Murom, Ukrainian White Steppe, Urzhum, and Mirgorod breeds, were officially recognized in the mid-twentieth century (see Additional file 1: Table  S1 ) and the start of the crossbreeding events that led to these breeds can be traced back to the beginning of the twentieth century and even to the end of the nineteenth century. For example, Mirgorod pigs are documented to have been created by crossing Berkshire, Middle White, Large White, and Tamworth pigs since 1890 (see Additional file 1: Table S1 ). Thus, it is reasonable to assume that a large proportion of European ancestries was introduced to Russia before or at the beginning of the twentieth century. It should be noted that, as documented in historical records, the founders of these pig breeds do not include only Large White, Landrace, Duroc and Hampshire animals. Animals from traditional breeds such as the Middle White, Berkshire, Poland China, Tamworth and Mangalitsa breeds from Great Britain, from the Danish Landrace breed, and local wild boars were also used during their development [8] . A more comprehensive sampling of pig breeds, for example from Great Britain, will allow us to resolve the population structure and genetic compositions of pig breeds in Russia, Belorussia, Kazakhstan and Ukraine in more detail.
The results of the admixture analysis largely agreed with the breeding history of the pig breeds under investigation. According to the Academy of Sciences in Novosibirsk, which developed the Minisib breed, it was the result of crossbreeding between Vietnamese indigenous pigs and Large White and Chinese wild boars [13] . However, our results show that the Minisib breed contains ancestries from Large White, Landrace and Luchuan or Tibetan pigs from China. The Luchuan pig is a miniature pig breed that is similar in appearance to indigenous Vietnamese pigs and originated from the Guangxi Province in Southern China, which is adjacent to Vietnam [28] . Thus, Luchuan pigs may share considerable genetic ancestry with the Vietnamese founders of the Minisib breed, which may have inherited its small body size from these Vietnamese founders.
The Ukrainian Spotted Steppe breed shared a large proportion of ancestry with the Ukrainian White Steppe breed (Fig. 2a, K = 19) , which supports the documented role of the Ukrainian White Steppe breed in the development of the Ukrainian Spotted Steppe breed. The Mirgorod breed is considered to be one of the founder breeds of the Semirechensk breed, but we found no Mirgorod ancestry in the Semirechensk breed (Fig. 2a , K = 19) [29] . Moreover, the Livni, Murom and Ukrainian Spotted Steppe breeds also shared ancestry with the Mirgorod breed. Overall, these results generally confirm that the initial formation of pig breeds from Russia, Belorussia, Kazakhstan and Ukraine involved the crossbreeding of multiple foreign breeds, including the Large White, Landrace, Duroc, and Hampshire breeds. Some of the earliest developed breeds, such as the Ukrainian White Steppe and Mirgorod breeds, contributed to the generation of new breeds.
In spite of the complex admixture history of most pig breeds, as indicated by the admixture (K = 19) and neighbor-joining tree analyses, many of the 13 pig breeds investigated in this study have retained unique identities and are differentiated from mainstream commercial breeds such as the Large White and Landrace breeds. This can be attributed to several factors, including differences in the origin of the populations, a long period of genetic isolation, and differences in climate and locally available feed between West Russia, Belorussia, Ukraine and west Europe.
We observed widespread Asian ancestries in all 13 pig breeds. Introgression of Asian haplotypes into European breeds, such as the Large White and Landrace breeds, have been reported in several previous studies [1, 30, 31] . The widespread Asian introgression into breeds from Western Russia, Belorussia, and Ukraine probably occurred via transmission from the Large White, Landrace and Duroc breeds since, the amount of Asian ancestry in the 12 breeds (excluding the Minisib breed) was comparable to that in the Large White, Landrace and Duroc breeds. However, we cannot exclude the possibility that Asian pigs were directly involved in founding or posterior crossbreeding events with the local breeds from Russia, Belorussia and Ukraine.
A previous comparison of genomic diversity parameters based on whole-genome sequence (WGS) and 60K SNP data showed that while 60K SNP and WGS data provided similar results for European breeds, 60K SNP data underestimated the genetic diversity of the Asian populations due to ascertainment bias [32] . This study also demonstrated that results from ROH analyses based on 60K SNP data were generally consistent with those obtained from WGS data [32] . Thus, the levels of ROH that we estimated here should reflect the inbreeding history of the breeds investigated. We observed high levels of ROH and low levels of genetic diversity in the Minisib and Urzhum breeds, which indicates that strong population bottlenecks or inbreeding may have occurred in these breeds. The Minisib breed was subjected to intensive selection for small body size and the Urzhum breed is an indigenous Russian breed, which was not widely intercrossed with other breeds for conservation purposes; these actions may have increased the extent of inbreeding within these populations. Since excessive inbreeding can reduce the long-term fitness of a population, special preservation programs should be implemented to avoid further inbreeding in these breeds. In contrast, the genetic diversity estimated for the other studied breeds was greater than or comparable to that of Chinese pig breeds, which can be attributed to the fact that multiple founder breeds were used to create these breeds. Moreover, since most of these breeds were formed in the mid-twentieth century [9] , the sweeping of genetic diversity by selection or genetic drift could have been limited by their short breeding history.
Conclusions
This is the first genetic survey of pig breeds from Russia, Belorussia, Kazakhstan and Ukraine using 60K SNP genotype data. We confirmed that these breeds were mainly of European origin, since they formed a separate group from Chinese breeds but were close to commercial breeds, including the Large White, Landrace, Duroc and Hampshire breeds. The Minisib and Urzhum breeds have been subject to severe inbreeding and consequently have limited genetic diversity. In contrast, most of the other breeds have a greater level of genetic diversity and a lower level of ROH because of their crossbreeding histories. This study provides the first genomic survey of the population structure and evolutionary history of pig breeds in Russia, Belorussia, Kazakhstan and Ukraine, which will contribute to conservation and breeding programs of these breeds.
